WHAT'S KNOWN ON THIS SUBJECT: Caffeine has predictable effects on cardiovascular function in both adults and children. Our previous work has shown that there are gender differences in this cardiovascular response, with boys having a greater change in heart rate and blood pressure than girls.
Caffeinated beverage consumption, such as soda and energy drinks, is on the rise among children and adolescents. Studies in adults and children have shown that acute, moderate doses of caffeine (1-3 mg/kg, which is equivalent to amounts ranging from the caffeine content of a can of soda to that contained in 2 cups of coffee) decrease heart rate and increase blood pressure. [1] [2] [3] [4] [5] In adults, there is good evidence that the cardiovascular effects of acute caffeine are inversely related to usual caffeine use, 6, 7 but results in children are inconsistent. 3, 4 This finding may be because caffeine use patterns, amounts, and sources tend to differ between children and adults, with children consuming caffeine in beverages to which caffeine has been added and with less regularity and frequency. 8 Previous work from our laboratory has shown that acute caffeine administration increases blood pressure and decreases heart rate in a dose-dependent manner in adolescents, and that boys tend to have heightened responses to acute caffeine compared with girls. 3, 4 We tested the hypotheses that gender differences in cardiovascular responses to caffeine emerge after puberty and that these responses differ across the menstrual cycle.
METHODS

Participants and Recruitment
Participants were boys (n = 54) and girls (n = 47) between the ages of 8 to 9 (prepubertal; n = 52) and 15 to 17 (postpubertal; n = 49) years. Eligible participants were nonsmokers, had previous experience with caffeine and had no adverse reactions, were not using hormone-based contraceptives and/or were not pregnant, were not taking any medications affecting caffeine metabolism, and were willing to abstain from regular caffeine use. Only 13 participants reported medication use and, of these, 1 participant was taking an inhaled steroid with potential effects on heart rate and blood pressure.
Experimental Procedures
Participants visited the laboratory on 6 occasions: 3 visits during 1 week with the remaining 3 visits occurring 2 weeks later. For the 15-to 17-year-old girls, 3 of the sessions occurred during the midfollicular phase of the menstrual cycle and 3 occurred during the midluteal phase. Prepubertal participants and postpubertal boys received each caffeine dose on 2 separate visits in order to equalize the number of visits. Participants were randomly assigned to order of caffeine administration by using a random number table. Participants were asked to abstain from all soda and caffeine-containing products for 24 hours before their appointment times, as well as from all food and drink other than water for 2 hours before their appointments.
Upon arrival to the laboratory, participants and parents read and signed consent and assent forms and parents completed a demographic questionnaire. The participants had their height and weight measured, and parents and children completed the Tanner questionnaire (described later). Participants then completed a caffeine use questionnaire.
At each visit, participants provided saliva samples, completed 24-hour food and physical activity recalls, and completed the Behavioral Checklist at baseline and after 60 minutes. Participants then consumed a 300-mL portion of lemon-lime-flavored soda, orange juice, or lemonade containing either placebo or caffeine (1.0 or 2.0 mg/kg; order counterbalanced) and had cardiovascular measurements taken. The participants and parents were not told directly that caffeine was being manipulated, although it was listed as a possibility. At the end of the final visit, participants were debriefed and compensated for their time. These data were collected between August 2011 and October 2012. All procedures described here were approved by the University at Buffalo Social and Behavioral Sciences Institutional Review Board.
Caffeine Preparation
Caffeine solutions were created by adding caffeine to a flattened, lemon-limeflavored soda at 2 doses, 1 mg/kg (10 mg/ mL caffeine/soda) and 2 mg/kg (20 mg/ mL caffeine/soda), and then freezing aliquots.
Measurements
Anthropometric Measurements
Body weight was assessed by the use of a digital scale (Seca Corporation, Hanover, MD). Height was assessed by using a Seca digital stadiometer.
Cardiovascular Measurements
An automated heart rate and blood pressure monitor (NIBP 2400; Welch Allyn, Skaneateles, NY) was used to measure cardiovascular variables. Participants were seated in an upright position and told to minimize movement for the duration of the measurements. Baseline measurements were taken ∼20 to 30 minutes after the participant arrived in the laboratory. Participants then consumed the beverage and watched an age-appropriate video of their choice to help them stay relaxed. Measurements were taken every 10 minutes for 1 hour. The video was paused for 1 minute before each measurement. The 1-minute rest period was chosen because it was sufficient to allow the children to relax without disrupted enjoyment of the video.
Salivary Steroid Hormone Measurements
To assess steroid hormone levels of all participants, a 2.5-mL sample of saliva was collected each day. The participant ARTICLE expectorated a saliva sample into a sterile tube, which was stored at 220°C until analyzed (Salimetrics, State College, PA). Estradiol, progesterone, and testosterone levels were measured in duplicate from each sample by using standard radioimmunologic techniques.
Questionnaires
Demographic Questionnaire
Parents completed a demographic questionnaire that provided information about household/parental income, education, profession, and race/ethnicity of both the parent and child.
Caffeine Use Questionnaire
This questionnaire was designed to assess sources, amounts, and frequency of caffeinated food and beverage intake in our study population. It also assesses reasons why adolescents use and/or do not use caffeine. 9 
Behavioral Checklist
A questionnaire containing 31 adjectives describing mood and physiological symptoms was presented to the subjects at t = 0 and t = 60 minutes. Subjects rated how each adjective described how they "feel right now" on a 5-point Likert-type scale anchored by "Not at all" (1) and "Extremely" (5). We adapted the adjectives in the checklist for 8-to 9-year-olds. This questionnaire was adapted from the Profile of Mood States bipolar form and the ActivationDeactivation Adjective Checklist. This questionnaire has been used by multiple investigators and is sensitive to caffeine use. 10, 11 Tanner Stage Evaluation Boys and girls were given same-gender line drawings of the 5 stages of pubertal development and asked to circle the one that looks most like them. Parents independently completed the same forms, and the averageofthe 2 scores wasused. Self-assessment of pubertal stage has been shown to be accurate and an acceptable substitute when physical examinations are not feasible. 12, 13 Analytic Plan
Gender and pubertal group differences in participant characteristics were analyzed by using either an analysis of variance (BMI, age, caffeine consumption, and Tanner stage) or x 2 analyses for categorical variables (race, household income, and parental education). After confirming that the data did not differ as a function of visit for prepubertal boys and girls and postpubertal boys, the data from the same-dose sessions were averaged. The pattern of diastolic and systolic blood pressure and heart rate were analyzed by using mixed-effects regression models with gender and pubertal group as the time-invariant predictors, . time (from 10 to 60 minutes after caffeine administration) and caffeine dose (0, 1, or 2 mg/kg) as time-variant predictors, and average daily caffeine use (mg/day) and baseline blood pressure and heart rate as covariates. We used unstructured models with the intercept, identifier (ID), and time treated as random variables. The Akaike information criteria (AIC) for these models were as follows: 25 373 (heart rate), 25 026 (systolic blood pressure), and 22 108 (diastolic blood pressure). Answers on the behavioral checklist were analyzed by using a mixed repeated-measures analysis of covariance with gender and pubertal group as between-subject variables, caffeine dose (0, 1, or 2 mg/kg) and pre/post as within-subject variables, and average daily caffeine use (mg/ day) as a covariate. To confirm menstrual cycle phase, we analyzed salivary steroid hormone concentrations during the self-reported follicular and luteal phases in postpubertal girls only. For analysis of differences across the menstrual cycle, postpubertal girls were selected and a mixed-effects regression model was applied with caffeine dose (0, 1, or 2 mg/kg) and menstrual cycle phase (luteal versus follicular) as time-variant predictors and baseline blood pressure and heart rate and average daily caffeine use (mg/day) as covariates. The regression analyses were conducted by using SAS 9.3 (SAS Institute, Cary, NC), and the other analyses were conducted by using SYSTAT 11.0 (Systat Software, San Jose, CA).
RESULTS
Participant Characteristics
A total of 101 participants began the study, but 5 participants were removed from the analyses for having incomplete or missing data (n = 3) or for not meeting Tanner stage requirements (n = 2), which left 96
Mean 6 SEM changes in average heart rate (HR) (A) diastolic blood pressure (DBP) (B), and systolic blood pressure (SBP) (C) between 0-and 2-mg/kg doses of caffeine in prepubertal and postpubertal boys and girls. Because there were no effects of time and no differences between the 1-and 2-mg/kg doses, the data shown are the average changes from baseline and are from the 2-mg/kg condition. There were no gender differences in any of the measures in the prepubertal participants, but there were gender differences in all of the postpubertal participants. *Significantly different from postpubertal boys, P , .05.
participants. Male (n = 26) and female (n = 24) participants ages 8 to 9 years and boys (n = 26) and girls (n = 20) ages 15 to 17 years were included in the analyses. In postpubertal girls, the mean 6 SEM concentrations of estradiol and progesterone in the midfollicular phase were 1.5 6 0.3 and 30.2 6 9.5 pg/mL, respectively, and in the midluteal phase were 1.9 6 0.3 and 55.1 6 10.9 pg/mL, respectively. Table 1 shows the mean 6 SEM age (years), BMI (mg/kg), and average daily caffeine consumption (mg/day) of participants in each group. As expected, the postpubertal group was significantly older, had a higher BMI, and consumed more daily caffeine than the prepubertal group (all P , .0001). Postpubertal participants were significantly more likely than prepubertal participants to drink soda (93% vs 78%; P = .03), tea (87% vs 64%; P = .009), coffee (35% vs 8%; P = .001), and energy drinks (28% vs 6%; P = .003). Among consumers, there were differences in consumption frequency as a function of pubertal group for soda (F[1, 79] = 11.9; P = . 
19).
There was a trend for postpubertal boys to consume more caffeine than postpubertal girls (P = .10).
Effects of Caffeine on Heart Rate
We found a main effect of time on heart rate (z = 12.1; P , .0001), but no interactions between time and any of the other factors. There was also a main effect of caffeine dose on heart rate (z = 22.71; P = .007), with both the 1-mg/kg and 2-mg/kg doses significantly reducing heart rate compared with placebo (z = 22.1 [P = .04] and 22.7 [P = .007], respectively). There was a significant interaction between gender and caffeine dose (z = 22.6; P = .009) and a 3-way interaction between pubertal group, gender, and caffeine dose (z = 2.6; P = .01). When we analyzed each pubertal group separately, we found no gender difference in the prepubertal participants (P . .05), but a significant gender difference in the postpubertal participants (z = 1.98; P = .049; Fig 1A) .
Effects of Caffeine on Diastolic Blood Pressure
We found a main effect of time on diastolic blood pressure (z = 2.5; P = .014), but no interactions between time and any other factors. We also found significant main effects of gender (z = 2.2; P = .03) and pubertal group (z = 2.6; P = .008) and a significant interaction between gender and pubertal group (z = 22.0; P = 0.048). When we examined each pubertal group separately, we found a significant interaction between gender and caffeine dose in the postpubertal participants (P = .005) but not in the prepubertal participants (P = .71; Fig 1B) .
Effects of Caffeine on Systolic Blood Pressure
There was a significant main effect of caffeine dose on systolic blood pressure (z = 2.1; P = .035), with both the 1-and 2-mg/kg doses increasing blood pressure compared with placebo (P = .009 and P , .0001, respectively). There was a significant interaction between pubertal group and gender, with no gender difference in systolic blood pressure in response to caffeine in the prepubertal participants (P = .49), but a significant gender difference in response to caffeine administration emerging after puberty (z = 2.2; P = .03; Fig 1C) .
Changes in Response to Caffeine in Postpubertal Girls
When data from postpubertal girls were analyzed, we found significant interactions between caffeine dose and menstrual cycle phase on heart rate (P = .02), diastolic blood pressure (P = .05), and systolic blood pressure (P = .002). When these effects were probed, we found that caffeine administration lowered heart rate significantly more in the midluteal phase and increased systolic blood pressure significantly more in the follicular phase. There was
FIGURE 2
Mean 6 SEM changes in heart rate, diastolic blood pressure (DBP), and systolic blood pressure (SBP) in postpubertal girls in the follicular and luteal phases of the menstrual cycle. Caffeine administration lowered heart rate significantly more in the luteal phase compared with the follicular phase and increased SBP and DBP significantly more in the follicular phase compared with the luteal phase (all P , .05).
a trend toward a significantly greater increase in diastolic blood pressure in the follicular phase compared with the luteal phase (P = .05), but this trend did not reach significance (Fig 2) .
Responses on Behavioral Checklist
When data from the entire sample were analyzed, we found an interaction between caffeine dose and pre/post for "falling asleep" (F[2, 184] = 3.6; P = .03).
We found interactions between caffeine dose, gender, and pre/post for "ringing in ears" (F Table 2 . When the analysis was restricted to postpubertal girls, we found menstrual cycle phase differences in response to caffeine for "body tired" (F [1, 19] 
DISCUSSION
This study showed that the cardiovascular effects of caffeine differ as a function of gender, with the gender differences emerging after puberty. We also found differences as a function of menstrual cycle phase in postpubertal girls, with caffeine administration resulting in more pronounced effects on heart rate during the luteal phase but more pronounced effects on blood pressure during the follicular. These data suggest that there are gender differences in It is well established that acute caffeine administration increases blood pressure and decreases heart rate. Our findings confirm this in both pre-and postpubertal boys and girls. There have been few studies conducted in children that examined correlations between dietary caffeine intake and blood pressure. 14, 15 Our previous study in 12-to 17-year-olds 4 examined cardiovascular responses to acute caffeine administration in adolescents, but, to our knowledge, this is the first to study these effects in children as young as 8 years old. The caffeine doses used in adults are, on average, 2.5 to 5 mg/kg, in contrast to our doses of 1 to 2 mg/kg. Despite our doses being lower, we found cardiovascular effects at both the 1-and 2-mg/kg doses with no differences between these doses. The average body weight of the children in our study was ∼50 kg (33 kg in prepubertal and 69 kg in postpubertal participants), so the 1-mg/kg dose contained approximately the amount of caffeine in a 12-ounce can of soda.
These findings replicate our earlier work showing gender differences in cardiovascular responses to caffeine 3, 4 and extend those findings by showing that these gender differences emerge after puberty. One potential explanation for this finding is that changes in steroid hormones that occur with pubertal development alter the metabolism of caffeine, which results in differential cardiovascular responses to caffeine in boys compared with girls. This possibility is supported by studies showing that estradiol inhibits cytochrome P450 activity, 16, 17 resulting in reduced caffeine clearance. An alternative explanation is that these gender differences are related to changes in caffeine consumption patterns as children age. When we examined caffeine sources in this study, we found that postpubertal participants were significantly more likely to consume caffeine from all major sources and with a greater frequency than were prepubertal children. These data suggest that caffeine use expands and increases as children get older. Gender differences in patterns of caffeine consumption have been shown in postpubertal participants in other studies as well. 18 In addition to pubertal phase differences, we found that differences in cardiovascular responses varied as a function of menstrual cycle phase in postpubertal girls. Other studies have shown that the metabolism of caffeine varies as a function of menstrual cycle phase. For example, a study by Lane et al 19 showed that caffeine clearance was slower during the luteal phase of the menstrual cycle compared with the follicular phase. In addition, previous studies have shown that there are differences in subjective responses to caffeine across the menstrual cycle as well, with decreased subjective responses during the follicular phase of the menstrual cycle. 3, 20 Taken together, these studies support our findings that responses to caffeine differ in girls as a function of menstrual cycle phase.
This study had several strengths. First, it was a double-blind, placebocontrolled, dose-response study. Second, this study was conducted in children and adolescents, who are an understudied population in this area. Third, we verified menstrual cycle phase by using salivary steroid hormone levels instead of relying strictly on selfreport. This study was not without weaknesses. First, our sample, although large, was still primarily white, middle class, and well educated. It is not known whether these findings would generalize to other sociodemographic groups. Second, because of financial constraints, we were unable to verify caffeine abstinence empirically, so it is possible that some of the individuals were not compliant in the caffeine abstinence protocol. Third, although we did not explicitly reveal that we were administering caffeine, the caffeine use questionnaire and instructions about eliminating caffeine use might have increased expectancy about caffeine being studied. We attempted to minimize these concerns by using a placebocontrolled, within-subject design. Finally, this was a cross-sectional study, so we cannot determine how previous experience with caffeine influenced the response to caffeine in this study. Future studies will use longitudinal study designs.
